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ABSTRACT
Tidal disruption events (TDE) have been considered as cosmic-ray and neutrino sources for a decade.
We suggest two classes of new scenarios for high-energy multi-messenger emission from TDEs that do
not have to harbor powerful jets. First, we investigate high-energy neutrino and gamma-ray production
in the core region of a supermassive black hole. In particular, we show that ∼ 10− 100 TeV neutrinos
and MeV gamma-rays can efficiently be produced in hot coronae around an accretion disk. We
also study the consequences of possible particle acceleration in radiatively inefficient accretion flows
(RIAFs). Second, we consider possible cosmic-ray acceleration by disk-driven winds or interactions
between tidal streams, and show that subsequent hadronuclear and photohadronic interactions inside
the TDE debris lead to GeV-TeV neutrinos and sub-GeV cascade gamma-rays. We demonstrate that
these models should be accompanied by hard X-rays and soft gamma-rays, which can be used for
future observational tests. By considering the corona, RIAF, hidden wind, and hidden jet models, we
discuss the implications of the observation of the high-energy neutrino IceCube-191001A in coincidence
with the TDE AT2019dsg. It is not yet possible to be conclusive about their physical association, but
we find that the most optimistic cases of the corona and hidden disk-wind models can be consistent
with the observation of IceCube-191001A with a few percent chance probability, whereas jet models
are unlikely to explain the multi-messenger observations.
Keywords: astroparticle physics – galaxies: active – galaxies: jets – gamma rays: galaxies – neutrinos
– radiation mechanisms: non-thermal
1. INTRODUCTION
The new era of multi-messenger particle astro-
physics has begun with real-time observations of
high-energy neutrinos (see reviews, e.g., Halzen
2016; Ahlers & Halzen 2017; Mszros et al. 2019;
Murase & Bartos 2019). Various attempts to discover
transient (bursting or flaring) neutrino sources are
ongoing, and include not only electromagnetic follow-
up observations but also real-time multi-messenger
searches using sub-threshold data (e.g., Smith et al.
2013; Ayala Solares et al. 2020, for Astrophysical
Multi-messenger Network Observatory (AMON)).
In particular, the IceCube Neutrino Observatory 1
1 http://icecube.wisc.edu/
reported the detection of a ∼ 200 TeV muon neu-
trino on 2017 September 22. Follow-up observations
revealed that the neutrino, IceCube-170922A, was
coincident with the long-duration gamma-ray flare
of the blazar TXS 0506+056 (Aartsen et al. 2018).
Although their physical interpretation of the multi-
messenger data has been under debate especially for
the 2014-2015 neutrino flare (e.g., Murase et al. 2018a;
Reimer et al. 2019; Rodrigues et al. 2019; Zhang et al.
2020; Petropoulou et al. 2020), it provided a new way
to diagnose high-energy phenomena caused by super-
massive black holes (SMBHs) and constrain high-energy
cosmic-ray (CR) acceleration in powerful jets.
On 2019 October 1, the IceCube Collaboration re-
ported the detection of another ∼ 200 TeV muon
neutrino, IceCube-191001A, with 59% probability of
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astrophysical origin (Stein 2019). Follow-up obser-
vations with the Zwicky Transient Facility (ZTF,
Graham et al. 2019), revealed several optical tran-
sients (Stein et al. 2019) within the error circle of the
arrival direction of the neutrino. Among them there
was the tidal disruption event (TDE), AT2019dsg, ob-
served approximately 150 days post peak. AT2019dsg
was first detected by the ZTF survey on 2019
April 9 (Nordin et al. 2019), and triggered multi-
wavelength follow-up optical, UV, X-ray and ra-
dio observations (Pasham et al. 2019b; Sfaradi et al.
2019; Pasham et al. 2019a; Perez-Torres et al. 2019;
Nicholl et al. 2019; van Velzen et al. 2020). AT2019dsg
is one of only a handful of radio-detected TDEs.
In a joint analysis of the neutrino and elec-
tromagnetic observations it was concluded that
AT2019dsg is the most likely counterpart of IceCube-
191001A (Stein et al. 2020). The chance probability of
detecting a high energy neutrino in coincidence with a
radio-detected TDE was found to be 0.5%. The pres-
ence of a jet in AT2019dsg has not been unambiguously
established by observations. For example, the X-ray
emission of AT2019dsg is soft and well described by a
black body of temperature ∼ 105.9 K (∼ 0.07 keV), in
contrast to the hard non-thermal X-ray emission of jet-
ted TDEs (e.g., Burrows et al. 2011; Bloom et al. 2011;
Auchettl et al. 2017). A time-varying degree of optical
polarization in AT2019dsg could be associated with a
jet, but could also originate from a non-isotropic accre-
tion disk (Lee et al. 2020).
Theoretically, jetted TDEs were proposed as pos-
sible sources of ultrahigh-energy cosmic rays (UHE-
CRs) more than a decade ago (Farrar & Gruzinov
2009), and the associated high-energy neutrino emis-
sion was also calculated (Murase 2008). Since
then, jetted TDEs have been studied under vary-
ing assumptions (Farrar & Piran 2014; Zhang et al.
2017; Alves Batista & Silk 2017; Gupin et al. 2018;
Biehl et al. 2018). Neutrino production in TDE environ-
ments has been more actively investigated (Wang et al.
2011; Wang & Liu 2016; Senno et al. 2017; Dai & Fang
2017; Lunardini & Winter 2017) since the discovery of
the first jetted TDE Swift J1644+57 (Burrows et al.
2011) and the discovery of astrophysical neutrinos by
IceCube (IceCube Collaboration 2013a,b, 2014).
However, prior to the detection of IceCube-191001A,
an association of TDEs with high-energy neutrinos had
not been corroborated by observations. A stacking anal-
ysis of IceCube data found no counterparts to previ-
ously detected TDEs and concluded that at most ∼
1% (26%) of IceCube neutrinos may originate in jet-
ted (non-jetted) TDEs (Stein 2020). Independently,
based on the analysis on Swift J1644+57 and the ab-
sence of high-energy multiplet sources in the IceCube
data, Senno et al. (2017) showed that the contribution
to the diffuse neutrino flux should be subdominant.
The recent IceCube data in the 10-100 TeV
range (Aartsen et al. 2020) have suggested a population
of hidden sources that are dark in GeV-TeV gamma-
rays (Murase et al. 2016; Capanema et al. 2020). TDEs
with hidden jets, which can be dark in X-rays, have
also been studied in the literature (Wang & Liu 2016;
Senno et al. 2017). Alternatively, Zhang et al. (2017)
studied CR acceleration in sub-relativistic outflows.
More recently, Hayasaki & Yamazaki (2019) studied
neutrino emission from radiatively inefficient accretion
flows (RIAFs) and magnetically arrested disks (MADs).
In this work we study possible high-energy multi-
messenger emission from non-jet regions in TDEs. In
particular, we investigate “core” models,4 in which high-
energy neutrinos and gamma-rays are generated in the
vicinity of SMBHs, coronae or RIAFs (Section 2). We
also study a disk-driven wind model, where particles are
accelerated in a sub-relativistic wind inside the TDE de-
bris in Section 3. In Section 4 we discuss the implications
of the model predictions for the reported association of
IceCube-191001Awith AT2019dsg, including the hidden
jet model. Finally, we comment on the role of TDEs as
possible sources of the diffuse neutrino flux in Section 5,
and summarize our results in Section 6.
2. CORE MODELS
TDEs are caused by the disruption of a star, which
have been predicted as optical and UV transients (e.g.,
Rees 1988; Evans & Kochanek 1989). The tidal radius
of a black hole with a mass of MBH ≡ 10
7M⊙MBH,7
is estimated to be RT ≈ fT
1/6(MBH/M∗)
1/3R∗ ≃ 9.8×
1012 cm f
1/6
T,−1.1M
1/3
BH,7M
2/3−ξ
∗ , where R∗,M∗ are the ra-
dius and mass of the star, fT ∼ 0.02−0.3 is a correction
factor related to the shape of the stellar internal den-
sity profile (e.g., Phinney 1989; Piran et al. 2015), and
ξ = 1− ln(R∗/R⊙)/ ln(M∗).
The fallback time is estimated by the orbital period
of the stellar debris on the most tightly bound orbit
tfb ≈ 2π
√
a3min
GMBH
≃ 3.2× 106 s f
1/2
T,−1.1M
1/2
BH,7M
(1−3ξ)
2
∗ ,(1)
where
amin ≈
R2T
2R∗
≃ 7.0× 1014 cmf
1/3
T,−1.1M
1/3−ξ
∗ M
2/3
BH,7 (2)
is the semi-major axis of the orbit. The circular-
ization would start after the most bound debris falls
back to the SMBH, which may take a few times longer
than tfb (e.g., Shiokawa et al. 2015; Hayasaki et al. 2016;
Dai et al. 2015). The formation of an accretion disk
around the central SMBH has been theoretically ex-
pected. The mass accretion rate, which is a function
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of time, may be expressed as
M˙ ≈
ηinηfbM∗
3tfb
(
t
tfb
)−5/3
, (3)
where ηfb is the fraction of the stellar debris that falls
back, and ηin is the fraction of mass that ends up form-
ing a disk. These correction factors are rather uncer-
tain, as they depend on the details of circularization
and stellar orbits (e.g., Dai et al. 2015; Svirski et al.
2017; Hayasaki et al. 2018), and mass losses due to out-
flows (e.g., Strubbe & Quataert 2009; Metzger & Stone
2016). They can be time dependent, which leads to a
deviation from the standard value of 5/3 for the decay
slope of M˙ .
For ηinηfb ∼ 0.01− 1, one finds ηrad ∼ 0.1 is the radi-
ation efficiency) and super-Eddington accretion though
a slim disk is expected at early times. Once the ac-
cretion starts, the accretion flows expand beyond the
circularization radius through angular momentum re-
distribution (Lynden-Bell & Pringle 1974). The viscous
time scale of the disk is tvis ≈ α
−1H−2Ω−1K ≃ 4.4 ×
106 s α−1−1MBH,7H
−2
−1(Rd/10RS)
3/2, where H = H/Rd,
H is the scale height of the disk, Rd is the radius of the
disk, α is the viscous parameter (Shakura & Sunyaev
1973), ΩK is the Keplerian angular frequency, and RS =
2GMBH/c
2 is the Schwarzschild radius. In the super-
Eddington phase, the outflows also affect the disk evo-
lution (Ohsuga & Mineshige 2011; Sadowski et al. 2014;
Jiang et al. 2014), and the time evolution of the disk ra-
dius and mass accretion rate are uncertain.
When the accretion becomes sub-Eddington, the
disk state changes to the standard geometrically-
thin/optically-thick disk (Shakura & Sunyaev 1973).
The time evolution of the accretion rate in the stan-
dard disk may be represented by (Cannizzo et al. 1990)
M˙ ≈
(
LEdd
ηradc2
)(
t
tvis
)−19/16
, (4)
where LEdd ≈ 1.26× 10
45 MBH,7 erg s
−1 is the Edding-
ton luminosity. The mass accretion rate is related to
the bolometric luminosity as Lbol = ηradM˙c
2 ≃ 1.3 ×
1043 ηrad,−1m˙−1MBH,7 erg s
−1, where m˙ = M˙c2/LEdd
is the normalized mass accretion rate. The transition
accretion rate from the slim disk to the standard disk is
given by m˙ = η−1rad, and the viscous time is evaluated at
the outer radius of the disk at the state transition. Here,
we assume that M˙ is constant inside the disk, which
can be realized if the outflows from the standard disk
are negligible, as shown by numerical simulations (e.g.,
Ohsuga & Mineshige 2011). At the early phase of the
standard disk regime, the radiation-pressure should be
dominant, and tvis may be shorter than tfb owing to a
high value of H close to 1.
If the mass accretion rate decreases below a critical
value m˙crit ∼ 0.03α
2
−1 (Mahadevan et al. 1997), the ac-
cretion state changes into that of a hot accretion flow,
or a RIAF.
In the following two sections, we will explore two core
models for high-energy neutrino and gamma-ray produc-
tion that probe the different accretion regimes described
above.
2.1. Corona model
By analogy to AGN, we postulate the existence of a
hot corona above a slim or standard accretion disk or
around the central SMBH. The details of disk accretion
in the TDE environment are rather uncertain. Thus,
we estimate plasma quantities and CR properties in
coronae using the empirical relations obtained by multi-
wavelength observations of AGN (Murase et al. 2019b).
Either a slim or standard disk provides copious
optical and UV photons, whose spectrum is of-
ten interpreted as multi-temperature blackbody emis-
sion. In a standard disk, for example, the in-
ner disk temperature is estimated as Tdisk ≈
0.488 (3GMBHM˙/8πσSBR
3
ISCO)
1/4 (e.g., Pringle 1981),
which typically lies in the UV range. In the TDE case,
the early-time emission may not be directly observed
because it can be reprocessed by the surrounding op-
tically thick material. But late-time optical and UV
emission is often attributed to the disk emission (e.g.,
Leloudas et al. 2016; ?).
In a corona, electrons are heated presumably by mag-
netic dissipation, cooled via the Comptonization of op-
tical/UV disk photons, and efficiently emit hard X-
rays. Observationally, the electron temperature in AGN
coronae is found to be kTe ∼ 10 − 100 keV. When
the Coulomb relaxation time is longer than the dissi-
pation time scale, one may expect a two-temperature
plasma, in which thermal protons have a virial temper-
ature of kTp ≃ 5.2 MeV (R/30RS)
−1
. The plasma beta,
β ≡
√
8πnpkTp/B2, is introduced to estimate the mag-
netic field strength B. Here, np is the number den-
sity of thermal protons. For β ∼ 0.01 − 1, we expect
B ∼ 0.1− 30 kG.
There is an empirical relationship between Lbol and
LX (in the 2-10 keV energy range) for AGNs which
reads LX ∼ (0.03 − 0.1)Lbol for Lbol ∼ 10
42 −
1045 erg s−1 (Hopkins et al. 2007). The spectral proper-
ties of the disk-corona system are often characterized by
the Eddington ratio, λEdd ≡ Lbol/LEdd (Ho 2008). The
coronal X-ray spectrum becomes softer for larger values
of λEdd, which is consistent with the physical picture of
a slim disk. The Thomson optical depth in the corona
can be estimated by the X-ray emission.
Protons may be accelerated to relativistic en-
ergies by plasma turbulence (e.g., Lynn et al.
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2014; Comisso & Sironi 2018; Kimura et al. 2019b;
Wong et al. 2020) and/or magnetic reconnec-
tions (e.g., Zenitani & Hoshino 2001; Sironi et al.
2015; Rowan et al. 2017; Werner et al. 2018;
Petropoulou et al. 2019). For example, the stochastic
acceleration time scale of a proton with energy εp due
to turbulence is tacc ≈ ηB(c/VA)
2
(H/c)(εp/eBH)
2−q
,
where VA is the Alfve´n velocity, q ∼ 1.5− 2 is the spec-
tral index of turbulent power spectrum, and ηB is the
inverse of the turbulence strength (e.g., Dermer et al.
1996, 2014). The stochastic acceleration process is
known to be slower than the diffusive shock acceler-
ation, which can compete with various cooling and
escape processes. For higher Eddington-ratio objects
(i.e., λEdd ∼> 0.01), the Bethe-Heitler pair production
(pγ → pe+e−) becomes the most important proton cool-
ing process because of copious disk photons, and often
determines the proton maximum energy (Murase et al.
2019b). CRs that are subject to efficient Bethe-Heitler
cooling can still produce neutrinos via the photomeson
production on X-ray photons, but the neutrino flux is
significantly suppressed. For dimmer and/or smaller
SMBHs (with lower λEdd values), while the maximum
energy is limited by the Bethe-Heitler production or
escape, pp inelastic collisions are more likely to be
responsible for high-energy neutrino production. The
pp effective optical depth is given by (Murase et al.
2019b)
fpp ≈ npκppσppR
(
c
Vfall
)
∼ 2
( τT
0.5
)
α−1−1
(
R
30RS
)1/2
(5)
where σpp ∼ 4.5 × 10
−26 cm2 is the pp cross section,
κpp ∼ 0.5 is the proton inelasticity, Vfall = αVK is the
infall time, τT = σTnpH is the Thomson optical depth,
and R ∼ (10− 30)RS is the coronal size. The system is
typically calorimetric in the sense that almost all CRs
are depleted.
To obtain CR spectra, with the code used
in Kimura et al. (2015); Murase et al. (2019b);
Kimura et al. (2019a), we solve the Fokker-Planck
equation with terms for acceleration (momentum
diffusion), cooling, escape, and injection, until a steady
state is realized. In our model, since the outer disk
radius is expected to be larger than the emission region,
the mass accretion rate is constant within its dynamical
time scale, justifying the steady-state treatment.
As an illustrative example, we adopt parameters mo-
tivated by late-time observations of AT2019dsg, for two
indicative values of the black hole mass: MBH,7 = 1 and
3. At ∼ 107 s post-discovery of AT2019dsg, LOUV =
3× 1043 erg s−1 ≈ Lbol (Stein et al. 2020), correspond-
ing to λEdd = 0.024M
−1
BH,7 and LX ∼ 3 × 10
42 erg s−1,
where LX is the luminosity in the 2 − 10 keV band.
We also adopt R = 30RS, α = 0.1, β = 1, q = 5/3,
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Figure 1. Differential neutrino and cascade gamma-ray lu-
minosities for the TDE corona model presented in Sec-
tion 2.1. We show results for LOUV = 3×10
43 erg s−1 ≈ Lbol
with MBH = 10
7 M⊙ and MBH = 3× 10
7 M⊙ (see inset leg-
end). The ratio of the CR pressure to the thermal pressure
is set to 30% for the optimistic case (thin curves) and 1% for
the modest case (thick curves).
and ηB = 10. Given these parameters, we can estimate
the target photon field and hydrodynamical quantities
in the coronae (see Murase et al. 2019b for details).
The results for our corona model are shown in Fig-
ure 1. The resulting CR spectrum (not explicitly shown)
has a cutoff at εp ∼ 1 PeV (∼ 5 PeV) for MBH,7 = 1
(MBH,7 = 3) due to photohadronic interactions with
UV photons from the disk, leading to a cutoff at εν ∼
100 TeV (∼ 500 TeV) in the neutrino spectrum as shown
in Figure 1. In our cases, neutrinos mostly originate
from pp interactions. We show the results for two dif-
ferent values of the ratio of the CR pressure to ther-
mal pressure, namely 1% and 30%. The former is used
in the AGN core model to explain criticalthe diffuse
neutrino flux of in the 10-100 TeV energy range, while
the latter is invoked to explain the IceCube observa-
tions of NGC 1068 (Murase et al. 2019b). The gamma-
rays accompanied by the high-energy neutrino signal
are absorbed by disk and coronal photons through the
γγ → e+e− pair production process. The pairs are even-
tually reprocessed to lower energies via either inverse-
Compton or synchrotron emission, and escape from the
source mostly as MeV photons (see the dashed and dot-
dashed curves in Figure 1). Note that we do not consider
further reprocessing outside the corona. The outer op-
tical depth should decrease as time, but it depends on
details of the fate and geometry of TDE debris and disk
wind.
2.2. RIAF model
At early times, accretion is expected to take
place through a slim disk and later a standard
disk. The disk state will eventually change to a
RIAF (Narayan & Yi 1994; Yuan & Narayan 2014)
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when the accretion rate decreases sufficiently. Us-
ing Equation (4), the transition time is estimated
to be tRIAF ≈ [LEdd/(ηradc
2m˙crit)]
16/19tvis ≃ 5.9 ×
108 sα
−51/19
−1 M
35/19
BH,7 H
−2
−1(Rd/10RS)
3/22. Hence, for a
typical TDE, the RIAF phase appears almost 20 yrs af-
ter the time of peak luminosity. However, the transition
time may be shorter if the mass of the black hole and
the disk viscosity are higher than assumed here. Alter-
natively, the initial fallback rate can be suppressed by
some process during the circularization phase. Outflows
during the viscous evolution phase (e.g., Nomura et al.
2018) also help reduce the accretion rate. This idea is
supported by observations of some TDEs that showed
a plateau in their light curves. The plateau in opti-
cal/UV lightcurves are often interpreted by the emission
from accretion disks (Leloudas et al. 2016; Wevers et al.
2019), and the optical/UV luminosities are lower than
the theoretical expectations.
In RIAFs, the bulk of the accretion flow consists of
collisionless plasma, in which non-thermal proton ac-
celeration may operate. Here, we follow the formal-
ism in Kimura et al. (2019a, 2020) to calculate the neu-
trino emission. We estimate the neutrino luminosity at
the time of the state transition. The mass accretion
rate in the RIAF changes with the viscous timescale
of the outer accretion disk, which can be as long as
tvis ∼ 1.4× 10
8 sα−1−1MnnBH,7H
−2
−1(Rd/100RS)
3/2. Since
this is longer than the typical observed timescale of the
TDEs, we will estimate the neutrino number assum-
ing a constant neutrino flux for 1 yr in Section 4. We
use the critical accretion rate of the state transition of
m˙ = m˙crit ≈ 3α
2 ≃ 0.03α2−1 (Mahadevan et al. 1997;
Xie & Yuan 2012) .
To estimate the physical quantities, we use the an-
alytic expressions from Kimura et al. (2019a), which
are in rough agreement with global MHD simula-
tions (e.g., McKinney 2006; Ohsuga & Mineshige 2011;
Narayan et al. 2012; Suzuki & Inutsuka 2014). Similar
to the corona model, we consider particle acceleration
by plasma turbulence and/or magnetic reconnections,
and solve the Fokker-Planck equation where the accel-
eration is determined by two parameters, ηB and q. As
the escape process, we only consider infall escape and
ignore the diffusive escape, because the diffusive motion
in vertical and radial directions are inefficient in RI-
AFs (Kimura et al. 2016, 2019b). The target photons
are provided by thermal electrons heated by Coulomb
collisions, and we can write the electron heating rate
as Lbol ≈ ηradm˙critLEdd(m˙/m˙crit)
2 (Mahadevan et al.
2 Here, Rd is the initial disk radius of the standard disk phase.
If the slim disk produces strong outflows, Rd may be close to the
circularization radius.
1997). The electrons emit soft photons through syn-
chrotron and Comptonization processes, which are cal-
culated by the method in Kimura et al. (2015). The
electron temperature is determined such that the elec-
tron cooling rate balances the heating rate. For a mass
accretion rate close to m˙crit, the photon spectrum is so
hard that Bethe-Heitler pair production is sub-dominant
unless we do not consider other sources of the target
photon field.
Our RIAF model has a parameter set similar to the
corona model, and we use α = 0.1, β = 10, R = 10RS,
η = 10, and q = 5/3, which are the same values as in
model A of Kimura et al. (2020). We use MBH,7 = 1
and 3, and m˙ = m˙crit = 0.03α
2
−1. The resulting neu-
trino and gamma-ray spectra are shown in Figure 2.
Both spectra are similar to those in the corona model.
The gamma-ray spectrum which accompanies the neu-
trinos is suppressed by γγ pair production, so the RIAF
model is also a plausible gamma-ray-hidden-neutrino-
source scenario.
The acceleration is limited by infall (i.e., escape) and
pp interactions, which results in the spectral softening
around εν ∼ 10
4 GeV. The spectral softening is slow due
to the weak energy dependence of pp and infall losses.
The photomeson production becomes effective at higher
energies, making a sharp cutoff to the neutrino energy
spectrum. Nevertheless, neutrinos are predominantly
produced through pp interactions. The effective pp opti-
cal depth for m˙ = m˙crit = 3α
2 is given by Kimura et al.
(2019a)
fpp ≈
24σppκpp
σT
∼ 0.8. (6)
It is independent of parameters, such as α, β, R, and
MBH, and the system is almost calorimetric.
The neutrino luminosity is an order of magnitude
lower than that in the corona model because of the
lower accretion rate, which translates to a lower CR
production rate. The total luminosity is limited by
m˙critLEdd ∼ 4 × 10
43MBH,7α
2
−1 erg s
−1. The all-flavor
neutrino luminosity for a given MBH can be written as
εν Lεν ≈
1
2
fpp
εpLεp
RCR
(7)
∼< 9.0× 10
40
(
RCR
3
)−1 ( ηCR
0.017
)
MBH,7 erg s
−1,
where RCR ≥ 1 is a bolometric correction factor
and ηCR ≡
∫
Lεpdεp/M˙c
2 is the energy conversion
factor of accretion power to CR protons. The re-
leased gravitational energy is shared by the bulk mo-
tion, thermal protons, and CRs and other emissions.
Thus, the available energy budget for CRs is limited
to GMBHM˙/3R ≃ (M˙/60) (R/10RS)
−1, leading to
ηCR,max ≃ (1/60) (R/10RS)
−1. The neutrino luminos-
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Figure 2. Differential neutrino and gamma-ray luminosi-
ties expected in the TDE RIAF model. We use LX =
7× 1041 erg s−1 and LX = 2.6× 10
41 erg s−1 for MBH,7 = 3
and 1, respectively (corresponding to m˙ = m˙crit = 0.03).
The ratio of the CR pressure to the thermal pressure is set
to 30% for the optimistic case (thin curves) and 1% for the
modest case (thick curves).
ity for the optimistic cases discussed here is close to
predicted upper limit of Equation (7), as shown in Fig-
ure 2.
3. HIDDEN WIND MODEL
TDEs are caused by the disruption of a star. While
the bound material has elliptical trajectories with large
apocenter distances, the unbound material has hyper-
bolic orbits. The orbits of tidal streams are highly ec-
centric, and the most bound stellar debris has an orbit
with semi-major axis amin (see Equation 2). It is nat-
ural that the circularization involves shock dissipation,
and the returning flow may collide with the streaming
inflows (Shiokawa et al. 2015; Hayasaki et al. 2018). It
has been suggested that the consequent shock heating
powers the observed optical/UV emission (Piran et al.
2015; Svirski et al. 2017). The available energy for such
shocks is estimated to be
E ≈
GMBH(M∗/2)
2amin
≃ 9.4× 1050 erg f
−1/3
T−1.1M
2/3+ξ
∗ M
1/3
BH,7. (8)
The relative velocity between shocking streams at the
apocenter region is the Keplerian velocity,
VK ≈
√
GMBH
amin
≃ 1.4× 109 cm s−1f
−1/6
T,−1.1M
−1/6+ξ/2
∗ M
1/6
BH,7. (9)
CRs can be accelerated by these shocks given that the
shock is unmediated by radiation (see below).
Another possibility is dissipation caused by the disk
wind (e.g., Metzger & Stone 2016). The wind is ex-
pected to be launched from the vicinity of the cen-
tral SMBH through magnetic dissipation and/or ra-
diation, which may interact with the TDE debris
and streams mentioned above. Additional dissipa-
tion might occur via internal shocks because the wind
base may be variable on a time scale tdiss ≈ 1.6 ×
104 s (R/30RS)
3/2β1/2MBH,7. Particle acceleration as-
sociated with magnetic dissipation in the magnetized
wind has also been considered (Xiao et al. 2016). The
wind velocity around the circularization radius, which is
assumed to be ∼ 2RT , is estimated to be
Vw ≈
√
ηinGMBH
2RT
≃ 2.6× 109 cm s−1 η
1/2
in,−1
× f
−1/12
T,−1.1M
1/3
BH,7M
ξ/2−1/3
∗ , (10)
which is typically larger than Equation (9). The kinetic
energy of the wind is a proxy for the maximum energy
budget of the system
Ew ≈
1
2
ηfbM∗V
2
w ≃ 6.7× 10
51 erg ηin,−1ηfbM
1/3+ξ
∗
× f
−1/6
T,−1.1M
2/3
BH,7, (11)
and can be larger than the energy given by Equation (8)
but smaller if the fallback efficiency is low.
Note that the TDE debris near the apocenter is op-
tically thick especially at early times. The Thomson
optical depth at R is given by
τT ≈
3σTMdeb
4πR2mp
≃ 94
(
Mdeb
0.5M∗
)
R−215 . (12)
Hereafter we assume that CRs are accelerated by high-
velocity, sub-relativistic disk-driven winds embedded in
this optically-thick debris, and consider hadronic inter-
actions inside the wind bubble and material. Electrons
can also be accelerated in the wind region (Murase et al.
2018b, for discussion), but CR-induced hadronic emis-
sion is dominant due to high efficiencies of photomeson
production and inelastic collisions. If the TDE debris is
bound (for R ∼< amin), one may use fpp ≈ κppσppnpctdiff ,
where tdiff is the CR diffusion time. On the other hand,
the unbound debris will homologously expand with a
velocity (Vdeb) comparable to Equation (9). As long as
the CR diffusion time is longer than the expansion time,
the effective pp optical depth for CRs interacting with
the unbound TDE debris is given by
fpp ≈
3κppσppMdeb
4πR2mp
(
c
Vdeb
)
≃ 1.0R−216 V
−1
deb,9. (13)
Thus, CRs accelerated in the wind will be depleted once
they leave the wind and interact with the debris.
The differential neutrino luminosity is roughly given
by
ενLεν ≈
3K
4(1 +K)
fmesfgeo
ǫCRLw
RCR
, (14)
where fmes ≈ min[1, fpp, fpγ ] is the meson production
efficiency, which can be either by hadronuclear (pp) or
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photomeson production (pγ) process, and K = 1 and
K = 2 for pγ and pp interactions, respectively. A few
remarks about Equation (14) follow. First, the bolo-
metric correction in the CR spectrum RCR should not
be ignored. Assuming an ε−2p spectrum and for ε
max
p ∼
107 GeV, we have RCR = ln(ε
max
p /ε
min
p ) ∼ 16. Second,
it is natural to expect that the remnant is not spherical
and a fast wind or jet would be launched toward the po-
lar region. Indeed, in the case of AT2019dsg, the radio
emission could originate from a mildly-relativistic out-
flow with a large opening angle powered by the central
engine (Stein et al. 2020). In this case, depending on the
solid angle of the surrounding debris, only a fraction of
the CRs will interact with a dense debris (described by
the factor fgeo), while the remaining CRs will escape
from the wind. Third, fpp ∼> 1 decreases with time and
defines the critical radius Rpp at which fpp = 1. Even
if the wind luminosity is constant (different from the
standard value of 5/3), the wind sweeps the debris at
radius Rdeb and would eventually accelerate it to Vw.
Higher values of Vdeb reduce fpp for a given time. Thus,
Rdeb/Vdeb ∼ 10
7 s is optimistic in terms of efficient neu-
trino production.
The above considerations imply that the energy bud-
get given by Equation (11) is optimistic and Equa-
tion (8) would give a more conservative estimate on the
neutrino luminosity. Note that energetics of the hidden
wind model is comparable to that of powerful Type IIn
SNe (see Murase et al. 2019a, and references therein).
One of the necessary conditions for conventional shock
acceleration is the radiation constraint (Murase et al.
2019a). Efficient particle acceleration does not occur
when the shock is radiation mediated. As shown above,
the Thomson optical depth of the TDE debris around
the apocenter is expected to be large, so CR accel-
eration at the forward shock can occur only at late
times; shock acceleration near the SMBH is also diffi-
cult (Hayasaki & Yamazaki 2019). On the other hand,
CR acceleration in the wind region is easier, because the
Thomson optical depth around the wind termination ra-
dius is,
τw ≈
σT M˙w
4πRVwmp
≃ 0.02M˙w,25R
−1
16
(
Vw
0.1c
)−1
≪ 1,
(15)
where for simplicity a spherically symmetric wind was
assumed. In this case, the magnetic field strength
is estimated to be Bw ≈
√
ǫBLw/(4πR2wVw) ≃
2.5 G (ǫB/0.03)
1/2Lw,43.5R
−1
w,16(Vw/0.1c)
−1/2, implying
that particles can be accelerated to ∼ 10 − 100 PeV
energies (assuming acceleration on the Bohm diffusion
timescale). In reality, CRs in the wind bubble are sub-
ject to various energy losses, and the photomeson pro-
duction and Bethe-Heitler energy losses can be impor-
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Figure 3. Cooling, acceleration, and dynamical rates of pro-
tons in the wind region. The dissipation radius is set to
R = 1016 cm, where the shock velocity and magnetic field
strength are set to Vw = 0.1c and B = 3 G. We use gray body
spectra with LOUV = 10
43.5 erg s−1 and TOUV = 10
4.6 K,
and LX = 10
42.5 erg s−1 and TX = 10
5.9 K.
tant. The energy loss rates which correspond to the
conditions stated above are illustrated in Figure 3. Note
that although the X-ray luminosity is included assuming
LX = 0.1LTDE, X-rays do not affect CR energy losses
for our parameters.
Following the model described above, we numeri-
cally calculate the neutrino and gamma-ray emission.
The method is similar to one used in the previous
work (Murase et al. 2019a,b). We assume that protons
are accelerated at R = 1016 cm and the shock veloc-
ity is Vw = 0.1c. Photohadronic interactions of CRs
within the wind bubble region are simulated following
Zhang et al. (2020), in which the publicly available code
CRPropa-3.0 is utilized (Alves Batista et al. 2016).
Target photon spectra are assumed to be two-component
gray-body spectra, analogous to previous calculations
for Type-IIn supernovae Murase et al. (2019a). The
optical-UV an X-ray energy densities are implemented
as Uph ≈ [3(1+τT )L]/(4πR
2c) and UX ≈ 3LX/(4πR
2c),
respectively. CRs leaving the wind bubble diffuse in
the optically thick debris. The radiation luminosity is
expected to be a fraction of the dissipation luminosity
ǫrad ∼ 0.2 − 0.5. Following Murase et al. (2019a), we
normalize the CR luminosity by using the CR loading
parameter ξCR = LCR/LOUV ∼ 0.1− 1.
The resulting neutrino and cascade gamma-ray spec-
tra in the hidden-wind scenario are shown in Figure 4.
The system is calorimetric in the sense that CRs are
mostly depleted via the photomeson production and in-
elastic pp collisions, so that the neutrino energy spec-
trum is flat as in the injected CR spectrum. The pho-
tomeson production is important in the PeV range but
the contribution of pp interactions is dominant. Al-
though we add the X-ray luminosity assuming LX =
8 Murase et al.
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Figure 4. Differential neutrino and cascade gamma-ray lu-
minosities expected in the hidden wind model. Accelerated
CRs interact with the TDE debris with Mdeb = 0.5 M⊙ and
Vdeb = 10
9 cm s−1 at R = 1016 cm. The CR loading param-
eter ξCR = LCR/LOUV is set to 1 (thin curves) and 0.2 for
the modest case (thick curves).
0.1LTDE, our results on neutrino spectra are unaffected
by the X-rays. In this sense the results are conserva-
tive. Electromagnetic cascades are developed mainly
via two-photon pair annihilation and inverse-Compton
emission, and subsequent regeneration processes lead to
the prediction of gamma-rays below GeV range. In-
terestingly, the spectral feature of both neutrino and
gamma-rays is similar to what was predicted for Type
IIn SNe (Murase et al. 2019a; Petropoulou et al. 2017).
For gamma-rays, this is because the cutoff is caused by
optical and UV photons. Further gamma-ray attenu-
ation due to the Bethe-Heitler process in the debris is
negligible for Vdeb ∼< 0.3cf
−1
pp .
4. IMPLICATIONS FOR AT2019DSG
4.1. Summary of observations
The discovery of AT2019dsg triggered a follow-up
campaign, much before the detection of IceCube-
191001A. The details of the observations are pre-
sented in Stein et al. (2020). Below we give a
short summary. On April 9th 2019 ZTF reported
the discovery of AT2019dsg as an optical tran-
sient of likely extragalactic origin (Nordin et al. 2019).
Spectroscopic observations of AT2019dsg with the
extended-Public ESO Spectroscopic Survey for Tran-
sient Objects (ePESSTO+) (Nicholl et al. 2019) clas-
sified it as a TDE. Radio follow-up observations
first with the Arcminute Microkelvin Imager (AMI-
LA) (Sfaradi et al. 2019) and later with the Enhanced
Multi Element Remotely Linked Interferometer Network
(e-MERLIN) (Perez-Torres et al. 2019) revealed radio
emission. AT2019dsg belongs to a rare type of TDEs
which exhibit radio (non-thermal) emission, suggestive
of particle acceleration to relativistic energies.
UV emission from AT2019dsg was first detected by
the Swift -UltraViolet and Optical Telescope (UVOT)
on 2019 May 17. By this time the UV emission was
steadily dimming. The combined optical and UV emis-
sion of AT2019dsg was found to be well described by
a blackbody spectrum of temperature 104.59±0.02 K.
The peak luminosity of AT2019dsg was estimated to be
1044.54±0.08erg s−1, placing it in the top 10% of known
TDEs. Around the time of neutrino detection, the UV
luminosity (a good proxy of the bolometric luminosity)
was found to be ∼ 3× 1043 erg s−1.
AT2019dsg was detected in X-rays starting 37 days
after its discovery first with the Swift -X-Ray Tele-
scope (XRT) (Pasham et al. 2019b) and later with
the The Neutron star Interior Composition Explorer,
(NICER), and the X-ray Multi-Mirror Mission, (XMM-
Newton) (Pasham et al. 2019a). The detected X-ray
emission was soft, as found in other X-ray candidate
TDEs (Auchettl et al. 2017). The X-ray spectrum of the
XMM-Newton observation was well described by an ab-
sorbed blackbody with a temperature of 105.9 K and hy-
drogen column density (Galactic and intrinsic) of NH ∼
4 × 1020 cm−2. The X-ray flux declined rapidly, falling
below the detection threshold of Swift -XRT within 60
days post-discovery, and therefore much before the de-
tection of IceCube-191001A. A second XMM-Newton
observation performed on 2019 October 23 (i.e., after
the detection of IceCube-191001A) yielded a deep up-
per limit of 9× 10−14 erg cm−2 s−1.
An analysis of data obtained with the Fermi Large
Area Telescope (LAT) in the direction of AT2019dsg re-
vealed no significant (< 5σ) gamma-ray emission from
this source. The analyses performed spanned the pe-
riod from 2019 April 4 to 2020 January 31, and several
sub-periods (Garrappa & Buson 2019; Stein 2020). Sim-
ilarly, follow-up searches for TeV emission in response
to the detection of IceCube-191001A with the High-
Altitude Water Cherenkov Observatory (HAWC) and
the First G-APD Cherenkov Telescope (FACT) resulted
only in upper limits (Ayala 2019; Biland 2019).
4.2. Summary of model predictions
In the previous sections, we provided several models
for neutrino and gamma-ray emission from TDEs. We
consider model-dependent implications based on these
models, together the jet model proposed in Senno et al.
(2017), for IceCube-191001A below.
Figure 5 summarises the expected all-flavor neutrino
fluences from the models considered for AT2019dsg in
Sections 2 and 3, for an assumed duration of one year
after the discovery of AT2019dsg. We additionally show
the prediction of a hidden jet model, previously studied
by Senno et al. (2015). This case is optimistic because
LisoCR = L is used and we further push the neutrino flu-
ence by considering tdur = 3 × 10
6 s (for details, see
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Model Nνµ+ν¯µ(> 100TeV)
Point Source GFU
Core (Corona) 5× 10−2 6× 10−3
Core (RIAF) 2× 10−3 2× 10−4
Hidden Wind 9× 10−3 1× 10−3
Hidden Jet 1× 10−3 3× 10−4
Table 1. Expected number of muon and antimuon neutrinos
with energy exceeding 100 TeV in the Point Source and GFU
channels for the models studied in Sections 2-3. The hidden-
jet model is discussed in Section 4.2.3.
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Figure 5. All-flavor neutrino fluences expected for
AT2019dsg in the corona (for MBH,7 = 3), RIAF (for
MBH,7 = 3), hidden wind, and hidden jet scenarios. The
horizontal lines show the fluence level needed to produce one
neutrino in the GFU and PS channels respectively for an
E−2ν neutrino spectrum.
section 4.2.3). The horizontal lines show the all-flavor
neutrino flux that AT2019dsg must produce in order to
produce one muon neutrino in IceCube. It is evident
that all models fall short of producing the required flux
to produce IceCube-191001A, but the most promising
model is the Core (Corona) model.
We additionally estimate the number of muon and
anti-muon neutrinos expected to be observed with Ice-
Cube as
Nνµ =
∫ Eνµ,max
Eνµ,min
dEνµAeff(Eνµ , δ)φνµ , (16)
where Eν,min = 100 TeV and Eν,max =2 PeV, given
the energy range where one expects 90% of neutrinos
in the GFU channel at the declination δ of AT2019dsg,
φ is the muon neutrino fluence, and Aeff is the effec-
tive area. We consider the effective area of the IceCube
Point Source analysis (Aartsen et al. 2019) and the Ice-
Cube Alert (GFU) analysis (Blaufuss et al. 2020) at the
declination of AT2019dsg. Table 1 gives the estimated
number of expected neutrinos in each of the models we
studied. We discuss the implications of these results for
each model separately below.
4.2.1. Core models: possible
We calculate the number of muon neutrinos, by opti-
mistically assuming an integration time of ∆T = 1 yr.
For the conditions assumed in the corona model we ob-
tain Nνµ = 0.05 (0.006) yr
−1 with the Point Source
(GFU) effective area3. The expected number of neu-
trinos is less than unity, but there is still a ∼< 5 − 10%
chance to detect one neutrino taking into account model
uncertainties. This expectation value leads us to con-
clude that the neutrino could in principle have been
produced by AT2019dsg, if the physical conditions of
the core model were in place, and can be interpreted as
an upward statistical fluctuation. This model could fur-
ther be consistent with the observation of one neutrino
from the entire (known) TDE population under the as-
sumption that the relevant conditions exist in all ZTF
observed TDEs (see discussion on the population bias
in Stein et al. 2020; Strotjohann et al. 2019). However,
the required CR pressure is 30% of the thermal pressure,
which is rather high. Although it cannot be excluded by
the observations, this is a very strong energetic require-
ment.
The accompanied gamma-rays should be significantly
attenuated in the GeV-TeV range. The cascade gamma-
rays are well below the Fermi upper limit, which is
∼> 10
43 erg/s in the 0.1-800 GeV energy range assuming
a spectral index of Γ = 2. The corona model is consis-
tent with the gamma-ray upper limits obtained with the
Fermi-LAT and HAWC.
The RIAF model is less consistent with the observa-
tion of a neutrino from AT2019dsg, as the expectation
is Nνµ = 2× 10
−3(2× 10−4) yr−1, with the Point source
(GFU) effective area. With extremely optimistic pa-
rameters in Equation (7), we can increase the neutrino
luminosity by a factor of 3, but this is still challenging
to account for the observation of one neutrino event.
From the observations of AT2019dsg, the disk luminos-
ity is estimated to be ∼ 1043 erg s−1 100 days after the
peak. Interestingly, with MBH ∼ 3 × 10
7M⊙, this lu-
minosity corresponds to the Eddington ratio of ∼ 0.003,
which is compatible with the critical luminosity at which
the state transition is expected for α = 0.1. Although
the state transition time scale is typically expected to
be much longer than 1 yr, the RIAF phase may start
significantly earlier if the majority of the stellar debris
become gravitationally unbounded during the circular-
ization phase (e.g., Hayasaki et al. 2018). The fallback
and circularization mechanisms of the disrupted star
have been debated for a long time, and further studies
3 Henceforth, the number of neutrinos enclosed in the paren-
thesis refers to the GFU effective area.
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are necessary to conclude when the RIAF phase starts.
Also, RIAFs near the critical accretion rate emit most of
the heating energy as MeV gamma-rays (Kimura et al.
2020), and hence, our RIAF model cannot explain the
observed UV photons. They should be attributed to a
different emission site, such as hidden winds or an outer
accretion disk. The observed UV photons do not signif-
icantly affect the neutrino emission in our RIAF model,
while they suppress the gamma-rays above ∼ 10 GeV.
If we consider MADs (Bisnovatyi-Kogan & Ruzmaikin
1974; Narayan et al. 2003), the reconnection layer at
the disk-outflow boundary may have β ∼< 1 and
the magnetization parameter may be as low as
σ ∼> 1 (e.g., Ball et al. 2018; Ripperda et al. 2020),
and CR acceleration through reconnections could be
more efficient (e.g., Sironi et al. 2015; Werner et al.
2018). However, the neutrino luminosity from RIAFs
are limited by Equation (7), which is also applicable
to RIAF MADs. Hence, it would still be challenging
to explain the observed neutrino flux as long as we
consider the RIAF regime. The flux can be enhanced
for MBH ∼> 10
8 M⊙, but TDEs are not expected to
occur for such heavy SMBHs (because of RT ∼< RS).
We do not discuss MADs in super-Eddington phase
(Hayasaki & Yamazaki 2019), which is beyond the
scope of this paper.
4.2.2. Hidden wind model: challenging
For the neutrino spectrum shown in Figure 4, we cal-
culate the number of muon neutrinos, by assuming an
integration time of ∆T = 1 yr. This is an optimistic
calculation, for it assumes a constant wind luminosity
(see also Fig. 2 in Stein et al. 2020). The impact of pos-
sible time dependence would also be small because the
observational time is not far from tfb forMBH ∼> 10
7 M⊙
and the corresponding CR energy input already reaches
ECR = 10
51 erg). Note that the differential neutrino en-
ergy per flavor is at most ∼ 1049 erg because of the CR
bolometric correction.
We thus obtain Nνµ = 9 × 10
−3 (1 × 10−3) yr−1.
This implies that the probability to observe one muon
neutrino would be at most ∼ 0.1 − 1%. Such a
small value could be consistent with the observation
of IceCube-191001A taking into account the population
bias (Strotjohann et al. 2019). However, the consistency
between the theoretical expectation and neutrino obser-
vation in this model is not compelling at this point, since
there are several factors that may reduce the neutrino
fluence in the model (e.g., fgeo < 1, the feedback from
the wind and others) which have not been considered
here.
However, the hidden wind model is attractive in sev-
eral ways. Radio observations of AT2019dsg are sugges-
tive of the presence of a mildly-relativistic outflow, like
the wind region in this model, and CR acceleration there
looks promising. The radius indicated by radio obser-
vations (a few ×1016 cm) around the neutrino detection
time (∼ 150 days after the discovery) is not far from the
critical radius for escaping CRs to have efficient inelas-
tic pp collisions in the TDE debris. Also, observed UV
photons guarantee that efficient photomeson production
occurs.
Note that radio emission itself is attributed to syn-
chrotron emission from electrons accelerated at the ex-
ternal forward shock. The external density is expected
to be much lower than the wind density around this
radius, and the amount of CRs accelerated during the
observational time is still small. CR acceleration at the
forward shock caused by the observed wind can be sig-
nificant at later times (e.g., Zhang et al. 2017).
4.2.3. Hidden jet model: unlikely
Neutrino emission from TDE jets has been consid-
ered by various authors (Murase 2008; Wang et al.
2011; Wang & Liu 2016; Senno et al. 2017). If the jet
breaks out, bright X-ray emission is expected for an on-
axis observer as seen in Swift J1644+57 (Burrows et al.
2011). X-ray “dark” TDE jets were considered prior to
the discovery of IceCube-191001A (Wang & Liu 2016;
Senno et al. 2017). In Figure 5 and Table 1 we show the
prediction of the internal shock model of Senno et al.
(2017). The model can account for at most Nνµ =
10−3 (3 × 10−4), under the optimistic assumption that
the jet remains hidden for 3× 106 s.
It has been speculated that a jet could be choked by
TDE debris or wind. In reality, the accreting mate-
rial orbits around the SMBH and the jet is expected
to launch almost perpendicular to the disk. Although
the realization of such a setup is highly speculative, it
would be still useful to check whether hidden jets can be
powerful or not. There are two relevant necessary con-
ditions for having neutrino production in electromag-
netically dark jets — the radiation constraint and jet-
stalling condition (Bromberg et al. 2011). Shock accel-
eration is suppressed if the shock is radiation mediated.
In the case of TDE jets, this can be satisfied. The second
condition is more constraining, as explained below.
Senno et al. (2017) estimated the following upper
limit on the isotropic-equivalent luminosity of a hidden
jet,
Lisoj ∼< 2× 10
44 erg s−1 t−3eng,6̺in,9.8R
3
in,13.5R
2
out,15.5θ
2
j,−1,
(17)
with half-opening angle θj powered by the central engine
for duration of teng. The jet is assumed to propagate
through material spread between the inner radius Rin ∼
RT and outer radius Rout, with a density profile given
by Loeb & Ulmer (1997); De Colle et al. (2012).
Alternatively, disk-driven winds could help the jet get
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choked. Although the wind density in the jet (polar)
direction would typically be lower than considered here,
assuming that almost all the fallback material is expelled
as a wind, the inner wind density may be written as,
̺w(r) =
M˙fb
4πr2Vw
≡ Dfbr
−2, (18)
where Dfb = 6.2 ×
1015 g cm−1 η
−1/2
fb,−1f
−5/12
T,−1.1M
−5/6
BH,7M
5/6+ξ
∗ (t/tfb)
−5/3
.
With the wind outer radius Rw(∼< 0.5M∗Vw/M˙fb), the
jet-stalling condition gives the following upper limit on
the isotropic-equivalent jet luminosity,
Lisoj ∼< 1.5×10
44 erg s−1 t−3eng,6.5Dfb,15.8R
2
w,16θ
2
j,−1. (19)
Thus, it is unlikely that powerful on-axis jets with L ∼>
1045 erg s−1 are X-ray dark. The hidden-jet model we
considered satisfies the above constraints and predicts
low neutrino fluxes, as shown in Figure 5 and Table 1.
Note that we do not exclude the possibility of off-axis
jets. Optical polarimetry data of AT2019dsg are com-
patible with the existence of a spectral component which
could be attributed to a jet, but cannot confirm such a
structure (Lee et al. 2020). Jet-driven relativistic ejecta
could also lead to quasi-isotropic neutrino emission but
the luminosity will be significantly diminished.
Just recently, neutrino emission from AT2019dsg,
in the presence of a jet was discussed
by Winter & Lunardini (2020). Their assumed jet
power violates the jet-stalling condition, so that the
jet has to break out. Such a powerful on-axis jet is
inconsistent with the observations. First, the sum of
the properties of AT2019dsg set it apart from typical
jetted TDEs such as Swift J1644+57 which had a
non-thermal X-ray spectrum, ∼ 1000 times brighter
than the thermal spectrum of AT2019dsg. Second,
once the jet breaks out, relativistic afterglow emis-
sion is also unavoidable. According to the standard
afterglow theory, with a conservative jet duration of
tdur ∼ 3×10
6 s, the isotropic-equivalent energy becomes
Ek ∼> 3× 10
53 erg Liso,47.
5. CONTRIBUTION TO THE DIFFUSE
NEUTRINO FLUX
TDE rates are expected to be ∼ 10−5 −
10−4 gal−1 yr−1, which correspond to 102 −
103 Gpc−3 yr−1 (Magorrian & Tremaine 1999;
van Velzen & Farrar 2014; Sun et al. 2015; Stone et al.
2020). Noting that the CR energy per TDE car-
ries only a fraction of the gravitational energy,
ECR ∼< 10
50 − 1052 erg, the diffuse neutrino flux is
estimated to be
E2νΦν ∼ 1.7× 10
−8 GeV cm−2 s−1 sr−1
(
2K
1 +K
)
fmes
×
(
ECR,51
RCR
)(
ξz
0.5
)(
ρTDE
102 Gpc−3 yr−1
)
. (20)
Here K = 1 and K = 2 for pγ and pp interactions, re-
spectively, and ξz ∼ 0.5 is a factor representing the red-
shift evolution of TDEs (see Waxman & Bahcall 1998;
Murase & Waxman 2016). Thus TDEs can, in principle,
make a significant contribution to the diffuse neutrino
flux, when allowing for uncertainties in the redshift evo-
lution and neutrino spectrum.
However, as mentioned above, a stacking analysis of
IceCube data found no counterparts to previously de-
tected TDEs and concluded that they contribute at most
∼ 30% to the diffuse flux (Stein 2020). Another impor-
tant constraint comes from the non-detection of multi-
plet sources. Senno et al. (2017) gave
ρeff0 ∼> 1.4× 10
4Gpc−3 yr−1
q2L(∆Ω/2π)
2
(TIC/6 yr)
2
(ξz/0.5)
3
φ3lim,−0.9
.
(21)
where φlim is the neutrino fluence limit, qL is a correction
factor (Murase & Waxman 2016), and ∆Ω is the field of
view of the detector.
Thus, although the results are rather sensitive to
ξz , the above limit implies that TDEs are most likely
to be subdominant in the diffuse neutrino flux. This
may be consistent with the observational indication that
AT2019dsg-like TDEs are a subset of TDEs. For ex-
ample, if we use the apparent rate density, ρjetted ∼
0.03 Gpc−3 yr−1. If we use the true rate Rjetted ∼
(2/θ2j )ρjetted ∼ 20 Gpc
−3 (ρjetted/0.1)θ
−2
j,−1. With this
rate, the diffuse flux contribution given by Eq. (20) is
lower, which becomes consistent with the limit from
Eq. (21).
6. SUMMARY AND DISCUSSION
We explored new possibilities of high-energy neutrino
and gamma-ray emission from non-jetted regions in
TDEs, focusing on the core regions (coronae and RIAFs)
and winds interacting with the TDE debris. We showed
that, in all considered models, efficient neutrino produc-
tion via inelastic pp collisions is expected, while pγ in-
teractions mainly on UV target photon fields are impor-
tant for limiting the maximum CR energy. We also cal-
culated CR-induced cascade electromagnetic emissions,
and found that TeV gamma-rays are attenuated in all
models due to γγ → e−e+. In the core models, we find
that GeV gamma-rays are also suppressed, and the cas-
cade emission can appear only at energies ∼< 10 MeV
(100 MeV) for the corona (RIAF) model. However, in
the hidden-wind model, the cascade gamma-rays can
12 Murase et al.
still emerge in the GeV band.
We emphasize the importance of hard X-ray and soft
gamma-ray observations to test the core models. In
the corona model, only gamma-rays with ∼< 10 MeV
can escape without attenuation due to the copious
UV and X-ray photons in the disk and corona. In
the RIAF model, the intrasource cascade emission
emerges in the ∼ 10 − 100 MeV energy range. These
gamma-rays can be further attenuated (and thereby
re-emerge to even lower energies), if additional UV or
X-ray photons exist outside the disk. In all models,
the predicted cascade emissions are well below the
upper limits obtained by the Fermi-LAT and HAWC.
Planned MeV satellites, such as e-ASTROGAM
(De Angelis et al. 2017), AMEGO (Moiseev et al.
2017), and GRAMS (Aramaki et al. 2019) will be
crucial for testing such models in the future. In regard
to the RIAF model, a possible detection of the cutoff en-
ergy of the Comptonized emission by thermal electrons
will provide a solid estimate of electron temperature in
RIAFs for the first time. Regarding the corona model,
observations in the hard X-ray band (> 10 keV) would
be also useful. It is currently unclear whether the
accretion disks in TDEs have coronae or not. Possible
detection of non-jetted TDEs in hard X-rays during the
optical/UV plateau phase (e.g., with late-time NuSTAR
observations) could indicate the presence of coronae.
Next-generation hard X-ray satellites, such as FORCE
(Mori et al. 2016), will have a higher discovery poten-
tial. The hidden wind scenario should also produce
hard X-ray photons through thermal emission from the
shock-heated material. The maximum temperature is
given by kTp = (3/16)mpV
2
p . If the equipartition be-
tween protons and electrons is achieved, the immediate
downstream has an equilibrium temperature of kTe ∼
10 keV (kTp/100 keV)
2/5
(kTO/UV/3 keV)
−8/5
n
2/5
p,10. In
the case of AT2019dsg, the late-time upper limits on
the 2-10 keV X-ray flux may already place stringent
constraints on this model. Although details are beyond
the scope of this work, dedicated searches for hard
X-rays should be able to strongly constrain dissipation
caused by hidden jets or winds.
As an example, we applied these models to the
AT2019dsg and high-energy neutrino IceCube-191001A,
which was detected ∼ 150 days post-discovery of the
TDE. Whether this association is physical or not is
still in question, but the reported significance is intrigu-
ing enough to make us discuss the implications of the
neutrino-TDE connection. We found that the corona
model can be consistent with the data with∼< 5−10% de-
tection probability of one neutrino. The required baryon
loading is rather large, but not forbidding. The energy
budget in the RIAF model is not enough to explain the
neutrino data. Even in the most optimistic case, the
detection chance probability is less than 1%. It is also
challenging for the hidden wind model to satisfactorily
explain the neutrino detection, especially when the bolo-
metric correction on the CR luminosity is taken into
account. Interestingly, the CR-induced cascade spec-
trum has a peak at GeV gamma-rays, but it is below
the Fermi-LAT upper limit for AT2019dsg. Finally, we
discussed a choked-jet scenario, where electromagnetic
emissions from the jet can be hidden. In this model, the
jet-stalling condition provides an upper limit on the jet
power, and the resulting neutrino flux is as low as in our
RIAF model. A more luminous jet would break out from
the obscuring material, and bright X-ray and afterglow
emissions would be expected. Hence, this scenario is un-
likely to account for the multi-messenger observations of
AT2019dsg.
As in the case of the jetted AGN TXS 0506+056,
we still lack a satisfactory concordance picture to ex-
plain the multimessenger and multiwavelength obser-
vations of AT2019dsg. Also, physical phenomena in
TDEs are not fully understood, and further studies
are necessary for the various physical processes in-
volved, including the fate of the TDE debris, the
properties of outflows, and the evolution of accretion
flows. Our model, which can be applied to TDEs other
than AT2019dsg, motivates future high-energy neu-
trino observations with IceCube-Gen2 (Aartsen et al.
2014), KM3Net (Adrian-Martinez et al. 2016), and elec-
tromagnetic observations with planned hard X-ray and
MeV gamma-ray satellites in order to shed light on these
mysterious phenomena.
Note added: While this paper was being prepared, the
work of Winter & Lunardini (2020) came out. Our main
non-jetted models are different from theirs, and neutrino
production in this paper does not rely on the uncertain
X-ray emission of the AT2019dsg, in contrast to their
work that uses X-ray photons as the main targets. For
the hidden jet model, this work relies on earlier pre-
dictions of Senno et al. (2017), according to which the
jet-stalling condition forbids a powerful on-axis jet, like
the one postulated by Winter & Lunardini (2020).
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